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INTRODUCTION

The University of Alabama in Huntsville has provided instrument design and
data analysis expertise in support of several of MSFC's space radiation monitor-
ing programs. The Verification of Flight Instrumentation (VFI) program at NASA
included both the Active Radiation Detector (ARD) (Principal Investigator: Dr.
T. A. Parnell) and the Nuclear Radiation Monitor, (NRM), (Principal investiga-
tor: Dr. G. J. Fishman). The subject contract at UAH has provided design, par-
tial fabrication, calibration and partial data analysis capability to the ARD
program; and detector head design and fabrication, software development and par-
tial data analysis capability to the NRM program.

The ARD flew on Spacelab-1 in 1983, performed flawlessly and was returned to
MSFC after flight with unchanged calibration factors. The NRM, flown on
Spacelab-2 in 1985, also performed without fault, not only recording the ambient
y-ray background on the Spacelab, as it was designed to do, but also recording

radiation events of astrophysical significance.



RESULTS

1. The Nuclear Radiation Monitor

A Nuclear Radiation Monitor (NRM) was flown as part of the verification
instrumentation on the Spacelab 2 mission, July 29 - August 6, 1985. The moni-
tor is a 12.7 cm diameter, 12.7 cm thick NaI(T2) scintillation detector sur-
rounded by a charged particle detector. The NRM, mounted on a pedestal near the
rear of the payload bay, has a nearly omnidirectional response. Gamma rays are
detected with high efficiency over the energy range 0.06 to 30 MeV. The monitor
operated throughout most of the mission, recording spectra every 20 seconds and
counting rates in coarse energy bands on finer timescales.

The gamma radiation environment on Spacelab consists of cosmic-ray and
trapped proton secondary radiation in the Spacelab/Shuttle, Earth albedo
radiation, and delayed induced radioactivity in the detector and surrounding
materials. Passages through the South Atlantic Anomaly protons produce a well-
defined background enhancement. Episodes of greatly increased background due to
trapped electrpns are seen on many passes through high latitudes. This back-
ground has a soft spectrum, characteristic of bremstrahlung radiation. These
enhancements often have complex temporal structure.

Mény experiments On-future Shuttle missions and other low-Earth orbit mis-
sions are sensitive to the ambient radiation environment. The Nuclear Radiation
Monitor (NRM) was designed to measure various components of this environment on
an early Shuttle/Spacelab mission. The primary objective of the instrument was
to monitor the omnidirectional gamma-ray, proton, electron, and neutron fluxes

over a -wide energy range in the payload bay. These measurements are made in



conjunction with a more comprehensive, multifaceted program to characterize the
Shuttle/Spacelab radiation fluxes and dosages. Data from the NRM will be made
available to experimenters for the analysis and interpretation of their data

and for the design of future Spacelab experiments.

1.a. Background Gamma Radiation on Spacelab-2

The NRM operated throughout the mission and has provided a comprehensive
time history and spectra data base for the entire flight. Gamma ray count-rates
in various energy ranges, and coincidence count rates with the plastic scin-
tillator shield (providing charged-particle count rates) have been analyzed.
Variation with geomagnetic latitude and with such features as the south Atlantic
anomaly and electron precipitations have been reported. This data was presented
in a paper delivered by Dr. Paciesas at the 27th Plenary session of COSPAR at
Toulouse, France, June 30 - July 12, 1986. A written version of this paper will

appear in Advances in Space Research during 1987. The manuscript is reproduced

in Appendix A of this report.

1.b. Gamma-Ray Burst-Observed with the NRM

A strong gamma-ray burst fortuitously recurred during the Spacelab-2 mission
and was detected and recorded by the NRM. A preliminary report of this observa-
tion was presented by Dr. G. J. Fishman at the Toulouse:COSPAR meeting.

Appendix B contains the written version of this paper entifled "Observation of
a Strong Gamma Ray Burst on the Spacelab 2 Mission" to appear in 1987 in

Advances in Space Research.




2. The Active Radiation Detector

Two tissue-equivalent integrating ion chambers and two xenon-filled propor-
tional counters provided differential measurement of adsorbed dose and of par-
ticle count-rate for the Spacelab-1 mission. The record was not continous
because of drop-outs in the data system. However data was obtained for 54% of
the mission and sufficient orbital coverage was obtained to allow estimation of
the total mission dose. These data have been combined with that from passive
detectors flown by other investigators at MSFC and the VSF in the same mission.
Papers presented by our coworkers including the ARD data were presented at the
AIAA Meeting on Shutttle Environment and Operations, Houston TX November 1985
and at the 27th Plenary Meeting of COSPAR in Toulouse, France July, 1986. These
two papers are reproduced in Appendices C of this report. The latter paper will

appear in Advances in Space Science, 1987.
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Abstract

A Nuclear Radiation Monitor (NRM) was flown as part of the
verification instrumentation on the Spacelab 2 mission, July 29 -
August 6, 1985. The monitor is a 12.7 cm diameter, 12.7 cm thick
NaI(T2) scintillation detector surrounded by a charged particle
detector. The NRM, mounted on a pedestal near the rear of the
payload bay, has a nearly omnidirectional response. = Gamma rays
are detected with high efficiency over the energy range 0.06 to
30 MeV. The monitor operated throughout most of the mission,
recording spectra every 20 seconds and counting rates in coarse
energy bands on finer timescales.

The gamma radiation environment on Spacelab consists of
cosmic-ray and trapped proton secondary radiation in the
Spacelab/Shuttle, Earth albedo radiation, and delayed induced
radioactivity in the detector and surrounding materials.
Passages through the South Atlantic anomily protons produce a
well-defined background enhancement. Episodes of greatly
increased background due to trapped electrons are seen on many
passes through high latitudes. This background has a soft
spectrum, characteristic of bremsstrahlung radiation. These
enhancements often have complex temporal structure.



INTRODUCTION

Many experiments on future Shuttle missions and other low-
Earth orbit missions are sensitive to the ambient radiation
environment. The Nuclear Radiation Monitor (NRM) was designed to
measure various components of this environment on an early
Shuttle/Spacelab mission. The primary objective of the
instrument was to monitor the omnidirectional gamma-vray, proton,
electron, and neutron fluxes over a wide energy range in the
payload bay. These measurements are made in comjunction with a
more comprehensive, multi-faceted program to characterize the
Shuttle/Spacelab radiation fluxes and dosages (Parnell et al.,
1986). Data from the NRM will bhe made availahle to experimenters
for the analysis and interpretation of their data and for the

design of future Spacelab experiments.

EXPERIMENT

The Nuclear Radiation Monitor (NRM) was flown in the payload
bay of the Space Shuttle Challenger from July 29 to August 6,
1985, as part of the Spacelab 2 verification flight
instrumentation. It operated continuously during the orhital
portion of the flight. The Spacelab 2 mission had an orbital
inclination of 49.5° and an altitude which varied between 290 km
and 327 km during the flight.

The primary elements of the NRM detector assembly are shown
in Figure 1. The NRM central detector is a 12.7 om diameter,

12.7 cm thick NaI(Tg) scintillation crystal coupled to a 12.7 cm



scintillator, above a threshold of approximately 800 keV. Counts
in these sixteen channels are accumulated in 8-bit scalers and
read out every 5.25 ms. There are data gaps of 2.016 s duration
every 20,16 s due to limitations of the data system.

A total of six spectra are accumulated for 18.144 s and reéd
out every 20.160 s. Spectra of three different dispersions are
accumulated from the central detector in coincidence with pulses
from the plastic detector and three in anticoindicence with the
plastic detector. The approximate dispersions are 1.5, 15, and
150 keV/channel in each spectrum of 510 channels.

The data system for the NRM represented the first use of the
Spacelab Payload Standardized Modular Electronics (SPSME)
components. These modules are CAMAC-compatible, space qualified
electronics that can be configured and programmed for a variety
of experiments and include appropriate interfaces to the Spacelab
command, data, and power systems. The SPSME modules utilized for
the NRM included a high rate multiplexer interface, a remote
aquisition unit interface, a programmable crate controller, a
time interface module, an auxilary memory module, an ADC module,
and a power supply module. The total data rate Erom the

NRM/SPSME was 24.381 kbps.

PRELIMINARY RESULTS

A portion of the data containing a strong gamma ray burst
has been analyzed in some detail and the results are reported
elsewhere (Fishman et al., 1986). Analysis of the remaining data

has been oriented toward development of a comprehensive time



The remaining enhancements in Fiqure 2 represent background
variations due to trapped electrons. These are only ‘seen at high
latitudes and have relatively soft spectra, as they are not
prominent in the higher enerqy gamma ray channel. The agamma rays
represent bremsstrahlung from the electron interactions in the
atmosphere and the spacecraft. For the events in Figure 2, the
electrons are not detected directly in the charged particle rate,
probably due to the spacecraft orientation, since in other cases
the charged particle rate has been seen to increase in
coincidence with the soft-spectrum gamma ray rate increases.

Another feature of the electron events is the frequent
occurrence of variations on timescales as short as 1 s, much
faster than the proton events. Figure 3 shows one of these
events with finer time resolution in the 100 - 600 keV gamma ray
range. A rapid oscillation is seen in a portion of these data.
Precipitation of energetic electrons at high latitudes with
rapid, complex time structure has been observed and interpreted
previously (cf. Barcus, Brown, and Rosenberq, 19%56; Thorne and
Kennel, 1971; Imhof et al., 1977; West and Parks, 1984; Imhof et
al., 1986.).

Figure 4 shows a typical raw spectrum at the time of an
electron event compared with a spectrum taken at a background
minimum. The bremsstrahlung spectrum is relatively soft, the e-
folding energy of the excess being ~100 keV. 1In contrast, the
gamma-ray spectra of SAA passages typically differ from the low
background regions in intensity but not in spectral shape. The
spectral distinction of proton enhancements shows up primarily in

“the highest-energy charged particle spectra.
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Figure Captions

The Nuclear Radiation Detector (NRM) on Spacelab 2. The

primary detector components are indicated.

Approximately 7.5 orbhits of background data during the
Spacelab 2 mission. Shown are the detected count rates
in two gamma-ray energy regions and the integral
counting rate from the scintillation detector in
coincidence with the plastic scintillator. Sevéral
regions of increased background due to trapped electrons
(E) and protons (SAA) are indicated, superimposed on the
underlying modulation due to geomagnetic latitude

variations. The time resolution of the data is 20.16 s.

The low energy gamma ray counting rate during the time
of an enhanced, variable electron background. The time

resolution is 0.504 s.

Spectrum of low energy gamma rays during an electron
enhancement compared with a normal background

spectrum. The enerqgy scale is approximately 1.5

keV/chan.
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OBSERVATION OF A STRONG GAMMA-RAY BURST ON THE SPACELAB 2 MISSION

G. J. Pishman, W. S. Paciesas,” C. A. Meegan, and R. B. Wilson

Space Science Laboratory, NASA Marshall Space Flight Center,
funtsville, AL 35812

ABSTRACT

A strong, confirmed gamma-ray burst was observed by a background-monitoring scintillation
detactor on the Spacelab 2 mission. The peak of the burst was at 00:56:38 UT on August S,
1985. The large size of the detector allowed observations up to 16 MeV with high
efficiency. A high data rate provided time-resolved cbservations over the energy range from
60 kaV to 16 MeV, limited only by counting statistics.

The burst was dominated by a single peak, ~2 s wide, with softer, lower-level emission
lasting ~20 s after the main peak. There was no evidence for time structure less

than ~0.2 s anywhere in the burst in any energy range. These characteristics are similar to
a sizeable fraction (~25%) of bursts seen in the Konus catalog and we suqggest that they are
distinct from the more complex, “spiky”® bursts and may have a different emission mechanism.

In the energy range from ~560 keV to ~10 MeV, the burst peaks ~0.3 s befors the peak at
lower energies. Radiation in the enerqgy range ~10 to ~16 MaV was detected at a confidence
level of »96%, about 3 s before the lower energy radiation with roughly the same pulse
width. This radiation is not detected during the main part of the burst. The enerqgy of
this burst in the range above 1! MeV is a significant fraction of the total burst enerqy,
confirming the ecarlier SMM results,

INTRODUCTION

It is now evident that gamma-ray emission from most bursts axtends to energies well above 1
MaV and that this emission contains a significant fraction of the total burst enerqgy

/1=3/. Thus it is increasingly important to obtain accurate spectral and temporal
characteristics of this radiation. The MeV emission has cast doubts on thermal radiation
being the dominant radiation process in these bursts. We report here the observation of Mev
gamma radiation from a burst on August S, 1985. The availability of spectral information on
sub-second time scales has enabled us to observe significant differences in the burst time
history as a function of energy. These may have important implications for the development
of burst models.

EXPERIMENT

The Nuclear Radiation Monitor (NRM) was flown on the Spacelab 2 mission, July 29 to August
6, 1985. The objectives and details of this monitor are given elsewhere /4,5/. The central
detactor is a 12.7 cm diameter, 12.7 cm thick NaI(Tl) crystal with a plastic anticoincidence
shield. The detector is uncollimated and has a low~enerqgy threshold of 60 keV.

Scintillation pulses representing gamma rays were accumulated with 5.25 ms time resolution
in 12 enerqgy regions. The first !'1 enerqgy reqions were approximately logarithmically spaced
from 60 keV to 30 MeV. The last reqgion was the integral energy region above 30 MeV. In the
lower enerqy regions, there were data gaps approximately 2 s in length every 20 s due to
limitations in the onboard data system. At higher energies, time resolution was lacking
during these same time periods. In addition to these 12 gamma-ray regions, there were
narrow-channel energy spectra accummulated with a time resolution of 20 s. The data from
these spectra are not used in the present burst studies due to their coarse time resolution.

*also Physics Department, University of Alabama in Huntsville
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Prior to our own data analysis, we were notified of the occurrence of a strong gamma-ray
burst on August 5 by the Los Alamos group (J. Laros, private comm.), who used data from the
gamma-ray burst experiment on the Pioneer Venus Orbiter (PVO) spacecraft. The burst was
found in our data at 00:56:38 UT on Augqust S5, 1985. This time of occurrence was fortunate
since the burst was not occulted by the Earth and Spacelab 2 was in a low=background portion
of its orbit, the rate being ~1000 c/s above 60 keV. Subsequently, the burst was discovered
in data froa instruments aboard the International Cometary Explorer (ICE)(J. Laros, private
comm.) and two other Spacelab 2 instruments: the cosmice-ray nuclei experiment (S. Swordy,
private comm.) and the hard x-ray imaging experiment (G. Skinner, private comm.). We have
verified that the burst time profiles from all five observations were similar.

Pigure 1 shows the burst profile in five enerqgy ranges, from 60 keV to 16 MeV. These
counting rates are uncorrected for scattering and absorption by materials surrounding the
detector and uncorrected for detector efficiency. Following the main peak, there is soft
emission extending as a "shoulder®” to the main peak for another 4 s. This shoulder is very
prominent below 100 keV but is almost entirely absent above S60 keV. Additional soft
features appear up to ~20 s beyond the primary peak. These features have time scales
similar to the primary peak. No significant features are apparent on any time scale less
than ~0.2 s in any energy interval. No precursor emission is seen at low energies. The
peak of the emission in the enerqgy range 560 keV to 2.8 MeV clearly precedes the lower
energy peak by 0.3 s. There is no noticeable time delay between the peak at 100-560 keV and
that below 100 keV. Significant eamission in the energy region 2.8-10 MeV is also present.
This radiation also peaks before the lower energy flux by ~0.5 s. Only a single, narrow
peak ~1.0 s wide is evident in this enerqgy region. .

1200~ I 0100 heVv ]

There is evidence for emission above 10
MeV from this burst, preceding the lower

energy peak by approximately 3 s, as 0e
indicated in Fiqure 1. Figure 2 shows 200 s

of data in two enerqgy ranges, 100 to S60 keV 400
and 10 to 16 MeV. In the high-energy

region, the most prominent peak in this 1]

sample of data occurs 3 s before the low-

energy pesak. This peak is between 3 and 4

standard deviations above the background, 4000 L
208

depending on the bin width and phase.

!

I
The statistical significance of the |
emission in the energy range 10 to 16 MeV - B p
was estimated by Monte Carlo simulations N N . —
of the data set. If we test the
hypothesis that there is emission on the
same time scale as the main peak at lower
energies (~2 3) anywhere in the time
interval within S 3 of this peak, then the
region indicated in Figure 2 has a
positive excess at the (99.3£0.1)%
confidence level. If a more conservative
view is taken, testing the hypothesis of
emission on any time scale between 0.3 and
4 3 at any time within 10 s of the peak,
then the peak shown is significant
at (96.9+0.6)s confidence level.

S80 kaV — 2.8 MeVv

COUNTS PER SECOND
T

Based on time profiles alone, there may be

S
a distinct class of gamma-ray bursts to e { 10 = 18 MoV e
which the August 5, 1985, burst belongs. - I J
This class has the following PPYSE | 4
distinquishing characteristics: (1) a ’\J‘q l | 3
single peak, 2 to 6 s in duration, which 201,]’ i il _—
dominates the time profile; (2) secondary _‘Jﬂwg‘l ! ' ]
features, if present, have roughly the L N
same duration and typically follow the °g 20
most intense peak; and (3) no time
structure less than ~0.2 3 is evident.
The most complete set of data available Fig. 1. Gamma-ray burst observed on Spacelab
for the comparison of time profiles is 2 in five energy reqions with a time resolu-
contained in the Konus catalog /6/. Since tion of 0.168 s. The background levels in
spectral information in that catalog is each region are indicated by a dashed line.
limited, it is not possible to determine The starting time of the plot is 00:56:33

whether the spectral characteristics UT, Auqust S5, 198S.
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observed in the present burst are common to the others as well. Pigure 3 shows the profiles
of some bursts of this class from the Konus catalog. Roughly 25% of all bursts in the Konus
catalog may have the above characteristics. These bursts are contrasted with the "spiky*
bursts which show complex time structure either as isolated spikes or as unresolved features
in longer bursts with many fluctuations on a time scale of 0.2 s or less.
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Fig. 2. Evidence for 10 to 16 MeV gamma-ray emission ~3 s prior to the peak of the low-
enerqgy emission. The statistical significance of this peak is discussed in the text. The
peak occurs at t = 3 s in Figure 1.
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Fig. 3. Examples of several single peak bursts from the Konus catalog from /6/. Time marks
are shown every 5 s. The temporal structure of these bursts and the burst presented here
are similar.
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DISCUSSION

For the observed burst, we find that emission above 1 MeV represents an important component
of the total burst luminosity, confirming the earlier SMM results. In addition, the present
data have sufficient time and energy resolution to show that the MeV emission peaks earlier
than the lower energy flux. Preliminary estimates of the location (J. Laros, private comm.)
indicate that the burst was observed through the Shuttle, introducing significant scattering
and absorption. Nevertheless, it is apparent that the leading edge of the main peak of the
burst is very hard, also confirming the earlier SMM results. Later burst features are
softer; no significant emission is seen above ! MeV. If the 10-16 MeV ¢ t rate e
represents actual source flux, then the early portion of the burst is extremely hard since
the lower enerqgy emission is just beginning to rise at that time.

These new results reinforce the importance of fine time resolution spectral studies of
bursts, particularly at high energies, as significant constraints for burst models /7,8/.

In particular, if the appearance of high-energy photons prior to those at low energies is an
ubiquitous feature of bursts or a class of bursts, current theorsetical models may require
considerable revision.
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Abstract

The radiation environment of Spacelab-1 was
measured by means of passive and active radiation
detectors. Twenty-six passive detectors which were
a part of the INSO006 experiment were deployed in-
side the module and in the access tunnel between
the module and crew compartment. Four other pas-
sive detectors which were a part of the Verifica-
tion Flight Instrumentation (VF1) program were de-
ployed in the module and outside on the pallet. The
active detectors which were also a part of the VFI
program included two integrating tissue equivalent
ion chambers and two small Xenon-filled proportio-
nal counters placed in the module. Thermolumines-
cent detectors (TLD's) measured the low LET {Vinear
energy transfer) component ranging from 94 to 133
mrads fnside the module, yfelding an average dose
rate of 10.0 mrads per day, about twice the rate
measured on earlier shuttle flights. Nuclear track
detectors indicated substantial fluxes of highly
fonizing HIE (high Z and energy) particles due to
the higher inclination of the SL-1 orbit, which was
57° as opposed to 28.5° on previous shuttle flights.
An average missfon dose-equivalent rate of about
18.5 mrem/day was recorded which was approximately
six times higher than measured on earlier missions.
Neutron detectors indicated ~45 mrem for the flight.
The two active ion chambers measured accumulated
doses of 125 and 128 mrads and yielded 17 and 12
mrads for passages through the South Atlantic Anom-
aly (SAA). The proportional counters yielded up to
35 cps at northern latitudes due to cosmic rays, up
to 200 cps in the middle of the SAA, primarily from
protons, and up to 150 cps in the south horn of the
electron belts, due primarily to brehmsstrahlung.

Introduction

In addition to personnel, the Spacelab missi-
ons incorporate many materials and experiments
which are sensitive to the ionizing radiations
found in Earth orbit. The radiation encountered is
complex in particle type and energy spectra, re-
flecting 1ts diverse origins. Primary galactic and
solar cosmic rays as well as trapped protons and
electrons produce secondaries such as recoil nuclei,
nuclear reaction products and brehmsstrahlung
through interaction with the materials of the spa-
cecraft, its crew and its cargo. The fluxes and
energy spectra are dependent on altitude and incli-
nation of the orbit, on solar conditions, and the
amgunt, type and placement of shielding materials
in the spacecraft. Spacelab-1, flown on the STS-9
mission, orbited at an altitude of 241 km, with an
fnclination of 57° and 240 hours of flight time.

"USF work performed under WASA contracts Nos.
NASB-34340 and NAS9-15337.

The inciination, considerably greater than for pre-
vious STS flights, was expected to result in sub-
stantially higher fluxes and dose rates of highly
fonizing HZE particles as well as neutrons,

For the Spacelab missions in low Earth orbit,
at low inclinations, the major components of the
radiation are from the galactic cosmic rays and the
energetic trapped protons. The HZE particles be-
come more dominant as the orbital inclination s
ifncreased. At high altitudes, such as in a geasyn-
chronous orbit, trapped electrons become important.
The radiation hazard from large solar flare events
becomes significant as the spacecraft orbits are
increased in altitude and inclination and the gec-
magnetic shielding is correspondingly reduced! 2,
This {is the case for orbits of inclination greater
than ~50°, polar and geosynchronous missions in
which, particularly during EVA, potentially lethal
doses of protons can be encountered. In addition
to these naturally occurring radiations, spacecraft
may encounter trapped electrons from high altitude
nuclear tests as well as gamma rays and neutrons
from on-board auxiliary power sources.

The various forms of radiation described above
present a number of hazards to long-term space tra-
vel in an environment such as that of Spacelab. The
highly penetrating nature of GCR makes it impracti-
cal to provide enough shielding to completely pro-
tect the crew. An indirect hazard alsc comes about
from the effects of radiation on materials and el-
ectronics. Biomedical experiments in space may
need to consider the possible effects of radiation.
Although computer codes have been developed for
calculating the environment inside the orbiting
spacecraft in specific orbits, a number of uncer-
tainties exist including those in the proton models
(about a factor of 2), the electron belt models
(about a factor of 5; and fragmentation cross sec-
tions of heavy ipns 2» Moreover, the shielding
at any one location within the spacecraft is only
approximately known and may vary with changes in
the quantities and location of supplies and equip-
ment, the movements of the crew, and the orienta-
tion of the spacecraft. The questfon of shielding
poses one of the most difficult problems to solve
in assessing radfation measurements.

Description of Instruments

Passive Detectors

This was the first attempt at mapping the ra-
diation environment inside Spacelab. Measurements
were made with a2 set of passive radiation detectors
distributed throughout the volume inside the Space-
1ab-1 module, in the access tunnel and outside on
the pallet.

To be presented at the American Institute of Aeronautics and Astronautics conference "AIAA Shuttle Envirgn-
ment and Operations II," Houston, TX, November 13-15, 1985.




Experiment INSO06 detectors. Of the two dif-
ferent types of passive detectors selected for
these measurements, twenty-six Passive Dosimeter
Packets (PDP’'s) and four Thick Plastic Stacks
(TPS's) were employed. The POP's had dimensions of
8.6 cm x 6.6 cm x 0.2 cm and each contained a set
of Types 200 and 700 TLD detectors for the overall
low LET dose measurement and two layers of 1 mm-
thick CR-19 plastic nuclear track detectors for the
HIE particle measurement.
ed in the spacecraft while the other three were
ground controls.
x 9.8 cm x 5.2 cm and contained TLD's, CR-39 and
AgCl crystals. Three were deployed in the module
and one was used as a ground control. The AgCl de-
tectors provided {nformation on the fragmentation
of galactic cosmic rays passing through spacecraft
shielding as well as a better characterization of
the directionality of the radiatfon field at given
detector locations. The detectors were distributed
over the inner surfaces of the Spacelab vehicle and
the tunnel connecting to the crew compartment. The
26 locations represent a wide range of shielding
distributions.

A sketch of the Shuttle cargo bay is gfiven in
Fig. 1, showing the locations of four PDP's at the
Spacelab module end cones and two PDP's in the tran-
sfer tunnel. POP's were also placed along the len-
gth of the module in sets of three as shown in Fig.
2, where a sketch of the maodule cross section at

(1] -meat

C

Fig. 1 Sketches of the posittions of the S1-1 mod-
ule end cones, with the locations of POP's 1T, TS,
FCT, FCB, ACT and ACB.

~
tunael adapter

Of these, 23 were deploy-
The TPS's had dimensions of 9.8 ¢m
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Fig. 2 Sketch of the view looking aft in the SL-1
module at Racks 11 and 12. The positions of PDP's
A, B and C are denoted, as are the positive X and ¥
directions. The X, Y coordinates of the three PDP's
are (1069, 0), (2107, 1813) and (32, 1813), respec-
tively.

Racks 11 and 12 {s given. The sets of three are
spaced around the periphery of the module at five
longitudinal distances. They are distributed at
approximately equal radial angles, as in Fig. 2,
but the angles are rotated with respect to the mod-
ule structure. Of the TPS's, two were forward in
the module at opposite sides and one was at the
middle of the module.

VFI passive detectors. This set of detectors
complemented the INSOUG set. The detectors employ-
ed were CR-39 polycarbonate plastic patirs of sheets
for HZE particles; CR-39 in conjunction with SLiF
alpha-particle radiators, with and without Cd absor-
bers, for thermal {<0.3 eV) and resonance (0.3 ev-1
MeV) neutrons; mica in conjunction with 232Th fis-
sion fragment radiators for high energy (>1 Mev)
neutrons; nuclear emulsions for protons, and 7L{F
(TLD-700) and CaF, (TLD-200) thermoluminescent de-
tectors for the total doses. The CR-39 and mica
sheets are nuclear track detectors (NTD's) with
sensitivities appropriate to the registration of
the particles emitted by the corresponding radia-
tors. :

The detectors were distributed in two detector
module types, PRD-M and PRO-P. Three PRD-M's were
flown in the Spacelab module and one PRD-P on the
pallet. The PRD-M's were identical except that
only unit #3 contained neutron detectors. They were
composed of stackable subassemblies of the same
horizontal dimensions, with each subassembly con-
taining a particular detector type. Each PRD-M was
distributed in subassemblies, over three orthogonal
inner sides of a PRD-M container, which was a lar-
ger box containing radiation detectors and sensi-
tive materials. The distribution was as follows:

a) One LET stack subassembly, with its cover
plate, positioned on the X-face of the PRO-M
contq1ner.

b) The second LET stack subassembly, with its




cover plate, positioned on the Y-face of the
PRO-M container.

c) The third LET stack subassembly, with its
cover plate and a TLD subassembly, positioned
on the Z-face of the PRD-M container.

d) One nuclear emulsfon subassemdly positioned in
the interior of the PRD-M container.

The PRD's also contained metal samples for the
study of induced radiocactivity from protons and
neutrons. Photographic film samples were also in-
cluded. Results from these measurements will be
reported separately.

For the third PRD-M, the configuration was the
same as the two identical PRD-M's, with the follow-
ing addition: the LET stack subassembly positioned
on the X-face of the PRD-M container had the neu-
tron fission foil subassembly attached to it. This
subassembly was sealed around the edges with "Alu-
minum Contact Tape.” (Note: X, Y, and Z merely
define orthogonal directions and should not be in-
terp;eted as referring to any fixed coordinate sys-
tem.

The PROD-P, which was mounted on the pallet,
contained three parts from the University of San
Francisco: TLD's for total dose, a thick cylindri-
cal plastic stack for calculation of Z and LET spe-
ctra, and neutron fissfon foils for thermal, reso-
nance, and fast neutron measurements. The sub-
assemblies were cylindrically symmetrical and were
aligned with the cylindrical axis of the PRD-P, A
schematic drawing of a cross-section of the PRD-P
is shown in Fig. 3.

=2 o assembly

PHZE assembly

1
)neutron fissior
foll assembly

MSFC assembly

L J

Fig. 3 Cross-sectional drawing of PRD-P
Active Detectors

The VFI also included two packages of active
detectors (ARD's) which were designed to provide
temporal information on the radiation in Spacelab,
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and to the extent allowed bty inexpensive and simple
instruments, information about the main dose-contri-
buting constituents. Each ARD package contained an
inteqrating tissue-equivalent ton chamber and two
small Xenon-filled proportional counters. The fon
chamber 3 sensftive volume was a 7 cm diameter gas-
filled sphere. It was similar to one flown on Sky-
1ab in the DOO8 experiment®, but had a much higher
sensitivity., The Spacelab units were set at about
10 uyrads per integration. Fig. 4 shows an ARD pac-
kage which has dimensions of 20 x 20 x 9 cm and
weighs 2.5 kgm. The proportional counters were 2.5
cm diameter by 10 cm-long Xenon-filled units 7. They
are made from stainless steel cylinders and have a
small beryllium window for calibration with low en-
ergy radioactive sources (e.g., 55Fe). One of the
counters was surrounded with a copper sleeve 1.2 mm
thick, The data was read out each second through a

Spacelab computer remote interface.

ARD SN2

* e 4 - \
e - o

Fig. 4 Active Radiation Detector

(protective cover removed)

The ion chamber responds to all ionizing radia-
tion at approximately the same rate as tissue. The
proportional counters respond to about 85% of all
charged particles fast encugh to penetrate the ctoun-
ter wall, and because they are filled with Xenon are
also very sensitive to X-rays (brehmsstrahlung). An
extensive preflight and postflight calibration pro-
gram was carried out. Pre- and post-flight calibra-
tion values were in agreement within 5 percent. lon
chamber SN/1 which was located on top of Spacelab
Rack No. 3 gave an output after each 6.1 ¢ 0.3yrads.
SN/2 in the bottom of Rack 3 was set at 10.4 £ 0.5
pyrads per count.

The proportional counter's discriminators were
set for 5.9 keV whereas a fast proton (or electron)
transiting the diameter would deposit 19.5 ke¥. The
proportional counters’ rates were about 1/sec on
the ground.



Results

passive Detectors

In Table 1 s l{sted the TLD-700 dose in mrads
and the observed fluence of HZE particles as s func-
tion of spacecraft location. The overall absorbed
dose varied from ~97 to 143 mrads fnside the SL mod-
ule. The observed HIE particle fluence varied froa
125 to 435 tr/cm? in CR-39 for particles with LET_
in water greater than ~48 keV/um 9, The correlation
between dose and HZE fluence is poor, as seen in
Fig. 5, where the two values have been plotted
against each other for all the POP's. Most of the
TLD doses fall n the region from 100 to 115 mrads
while the track fluences vary by a factor of 2.5
for these detectors. The two highest doses were re-
corded at the tops of the forward and aft end cones,
which suggests less shielding at these sites. How-
ever, only the forward detector also had a higher-
than-average number of HZE tracks.

Some preliminary angular shielding distribu-
tions have been generated for 23 of the PDP flight
locatfons 9, These distributions give the shielding
nass thickness for 512 equal solid angle bins. Av-
erage shielding thicknesses have been calculated
from these distributions and the TLD doses and HZE
particle fluences are plotted against the average
thicknesses in Figs. 6 and 7. The highest TLD doses
(Fig. 6) were recorded by detectors which were
among the least shielded, but the trend is not con-
sistent. MWithout the two highest dose values, the
profile of the measurements would be nearly flat,
The HZE track fluences (Fig. 7) show a large scat-
ter of the measured values with little correlation
between the variables. In both figures the standard
deviations about the linear regression lines and the
correlation coefficients demonstrate the poor fit-
ting. The mass thicknesses faor the angular bins
range from slightly over ! gm/cm2 to nearly 500 gm/

Table 1

Radiation measurement aboard Spacelab-l(

cm?, although few values are over 180 gm/cm2. The
average shielding thicknesses calculated from the
distributions are not distorted by a few high val-
ues, however, since all the POP sites have a simi-
lar wide range of values. When TLD doses and M2E
particle fluences are plotted against other shiel-
ding parameters, such as the fraction of total sol-
id angle about the PDP sites which is lightly shiel-
ded (<12 g/em?), there §s little improvement in the
correlation between measurements and shielding.This
seems to indicate that other factors such as changes
in spacecraft orientation with time and direction-
ality of the {ncident radiation are also gquite im-
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A plot of the correlation between HIE par-
ticle fluences and TLD doses for the PDP's.
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1)

Observed HZE

Cbserved HIE

Detector TLD dose track fluence Detector TLD dose track fluence
location {mrad) (cm™2) Tocation (mrad) {cm-2)
PORT SIDE AFT END CONE

8 113.8 ¢ 6.1 367 ¢ 55 ACT 141.0 ¢ 8.7 266 ¢+ 41
] 106.6 £ 4.0 297 + 47 ACB 102.5 = 3.5 286 ¢ 39
6 103.5 ¢+ 3.4 154 + 20 FORWARD END CONE

1 110.8 ¢+ 3.4 250 = 36 FCB 102.2 ¢ 2.7 245 ¢ 36
L 106.4 = 2.7 . 326 = 45 FCT 142.9 210.9 435 ¢ 59
N 107.0+ 4.8 211 & 28 SL-1 TUNNEL .

0 104.1 ¢+ 2.8 313 £ 50 TS 122.3 ¢+ 7.2 245 2 36
14 105.1 ¢+ 3.8 167 ¢ 25 i 117.0+ 4.5 286 39
PRD-M1 97.1 ¢ 2.5 193 ¢+ 28 OVERHEAD CONTAINER No. 7

PRD-M3 109.1 £ 2.8 125 £ 19 PRD-M2 98.7 £ 2.5 180 ¢ 2%
STARBOARD SIDE PALLET

c 1.0+ 3.3 305 ¢ 45 PRD-P 189.8 =+ 6.9 203 = 26
3 106.3 = 3.7 380 + S3 TPS MEASUREMENTS

F 106.9 ¢ 4.5 349 + 38 PORT FORWARD

H 109.2 ¢+ 3.7 167 ¢+ 25 FCR 102.0 ¢ 2.6

J 109.7 £ 2.6 391 + 58 STARBOARD FORWARD

K 104.3 ¢ 3.1 161 = 20 FCL 102.3 ¢+ 40

M 107.9: 4.0 292 = 47 MIDDLE OF SPACELAB

SL-1 FLOOR pC 100.4 £ 1.5

A 105.8 ¢ 2.6 292 £+ &7 CREW COMPARTMENT STS-9

Q 104.0+ 2.8 216+ 28 APD 109 ¢+ 13

103.22 3
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Fig. 7 Varfation of the HZE particle fluences with
average shielding thicknesses about the POP's

portant to an understanding of the particular radi-
ation levels.

An LET spectrum was generated from a popula-
tion of particle tracks by measuring the major and
minor axes of the eliptical openings of cones where
two adjacent tracks formed when the particles pas-
sed through the interface of two CR-39 sheets.These
measurements were converted to particle LET's by
using calibrations of the CR-39 made with accelera-
ted fon beams, The spectrum is plotted against log
LET. in Fig. 8, where 1t is compared to other mea-
surements. It is seen that the Spacelab-1 spectrum
extends to much lower in LET than do previous mea-
surements. This is an advantage of using the more
sensitive CR-39 detectors.

The average TLD dose for the Spacelad module
detectors listed in Table 1 was 108.2 ¢+ 10.3 mrads.
The average track fluence in the module was 265
83 cm~2, This track fluence converts to a dose
equivalent of 185 + 57 mrem, based on the LET spec-
trum and the relevant RBE values. From a calibra-
tfon of TLO efficiency versus particle LET it has
been calculated that the HZE particles contributed,
on the average, 8.2 mrads to the TLD measured dose.
The low LET dose measured by the TLD's (QF=1) was
therefore 100.0 £ 10.3 mrads. By the same method
the low LET doses found in the access tunnel and on
the pallet were 111.4 = 4.2 mrads and 184.3 ¢ 6.9
mrads, respectively. The corresponding high LET
doses were 185 ¢ 18 mrem and 142 ¢t 18 mrem, respec-
tively.

The proton track density was measured by the
nuclear emulsions. The nuclear emulsion data 1s
subject to greater measurement error than that of
TLD's or NTD's. An average of the measurements
yielded 4.61 & 0.90 x 105 em=2 for proton fluence
and 2.61 £ 0.54 x 10% cm-2 for the fiuence of par-
ticles with Z 3 2. In addition to the statistical
standard deviations given, there are systematic
errors present which may be of the order of : 30%.
It is interesting to note that the proton fluence,
assuming an effective proton energy of 100 Mev,
yields a tissue dose of about 55 mrads. This is
somewhat less than would be expected from the TLO
doses in the module, which are assumed to be domi-
nated by the protons, but the experimental and cal-
culational errors in this number are large enough
that a rough agreement is indicated.

As stated above, the neutron detectors were
composed of SLiF radjator foils in conjunction with
CR-39 NTD's, and Th radiator foils in conjunction
with mica NTD's. The SLiF/CR-39 detectors were used
with and without 1 mm-thick Cd absorbers in order
to discriminate between thermal (<0.3 eV) neutrons
and resonance (0.3 ev-1MeV) neutrons. The Th/mica
detectors measured the high energy (>! MeV)neutrons.

The SL{iF radiators were 4.5 mg/cm2 in mass
thickness. The 2x response to thermal neutrons is
5.6 x 10~? alpha particle tracks/neutron from the
front side (through the CR-39) and 4.1 x 10-3tracks
/neutron from the back side (through the SLiF). For
a single film of SLif against one surface of the
CR-39, the averaged 4x response is 4.9 x 10" 3tracks
/neutron. With films of SLiF in contact with both
surfaces of the CR-39, each surface has a 4x res-
ponse of 4.1 x 10" 3tracks/neutron. The CR-39/SLiF
detectors in the PRD-P had films of SLiF on both
sfides of the CR-39 NTD while those in the PRD-M had
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Fig. 8 Comparison of Spacelab-1 LET spectrum with
other measured and calculated examples. The cosmic-
ray Fe data were calculated. The earlier measure-
ments were with Lexan polycarbonate and cellulose
nitrate NTD's; CR-39 was used on Spacelab.

a single film. The response to resonance neutrons
was calculated to be 2.15 x 10-% alpha particle
tracks/neutron, assuming a moderated neutron spec-
trum with a shape proportional to 1/En through the
resonance energy range.

The Th radiators were approximately 0.13 g/cm?
in mass thickness, which exceeds the ranges of the
fisston fragments produced by the interaction of
high energy neutrons with the Th nuclei. The Th/
mica detectors therefore have the maximum achiey-
able sensitivity. These detectors are also sensi-
tive to high energy protons, since protons of en-
ergy >17 MeYy can produce nuclear fissions in Th,

In determining the detector response to neutrons
the proton contribution to measured track densities
must be corrected for. An exact treatment of this
problem requires that both the neutron and proton
spectral shapes and their relative fluences be
known. These properties and relationships were not
measured on the Spacelab-l misstfon. Assumptions
were made based on past spaceflight measurements
and on calculations of atmospheric spallation neu-
tron spectra. Consequently there could be a large
error in the calculated detector response. This
method has been previously described 10»!1 A res-
ponse of 2.5 x 105 tracks/neutron was calculated
for the Th/mica detectors, where the total track
densities on the mica were used. . '

Only flight units PRD-M3 and PRD-P contained
the neutron detectors. Ground control units were
included for both flight units. These were used to
provide the corresponding backgrounds for the flight
measurements. After post-flight disassembly of the
detectors the CR-39 and mica samples were etched and
scanned at 200X under an optical microscope. Track

‘densities were converted to neutron fluences and

dose and the results are shown in Table 2, where the
measured doses are summarized. The standard devia-
tions of the measurements which are given in the
table are from counting statistics only. The pallet
detector indicates a more highly moderated neutron
spectrum than does the module detector. This sug-
gests that a large volume of hydrogencus material
may have been placed near the pallet detector.

Active Detector Results

During the Spacelab-1 fiight there were some
data dropouts so the record was not continuous, but
the orbit pattern repeats every day so that a mis-
sion dose was extracted. Data covering 54% of the
mission was obtained. ARD SN/1 recorded & mission
accumulated dose( extrapolated to total mission
time) of 125 2 7 mrads. SN/2 showed 128 * 7 mrads.
The experimental errors shown are calibration uncer-
tainties only, and error sources such as temperature
changes, long-term drift, and the data gap extrapo-
lation are still being assessed.

The temporal information on dose contributions
can be seen in Fig. 9 which shows the response of
the fon chamber and proportional counters of ARD SN/
1 during a period of the mission. Fig. 9 shows an
hour of data which misses the trapped beit regions
(either the SAA of the inner belt or cusps of the
electron outer belt)!2, Here it is seen that the
dose rates and proportional counter rates vary slow-
1y, and have a maximum value at north and south
{geomagnetic) latitudes and a minimum near the equa-
tor. The main dose contribution here is due to the
galactic cosmic radiation which is modulated by the
Earth's field (geomagnetic cut-off). Fig. 10 shows
an hour during which the orbiter passes through the
center of the SAA region and shortly after leaving
the SAA passes through a cusp of the electron belts.
Early in the hour the proportional counters clearly
show the high latitude cosmic ray induced rate fol-.
lowed by a low rate near the equator, a high rate in
the SAA, and again a high rate in the electron belt
horn. The ion chamber dose accumulation is high
during the first 10 minutes (cosmic rays), low near
the equator, very high during the SAA passage, and
only slightly more than the cosmic ray accumulation
during the electron cusp passes. The latter behavior
is due to the sensitivity of the Xenon-filled pro-
porticnal counters to brehmsstrahlung X-rays whereas
the fon chamber is “tissue-equivalent” (of low atom-
ic number absorber). The radiation inside the Spa-
celab module during the electron horn passes 1s ap-
parently not the primary electrons but brehmsstrah-
lung X-rays caused by the electrons scattering in
the module structure. The ratio of the shielded to
the unshielded counter rates was near unity except
during SAA and horn passages. During SAA passages
there was a slight reduction in the shielded counter
but during horn passage the ratio dipped as low as
0.6. This observation, and the ion chamber dose
rate indicate that the main radiation constituents
within Spacelab-1 are charged particles (protans)in
the SAA passes and X-rays (brehmsstrahlung) during
the electron horn passes.



Table 2

Summary of passive measurements®

Dose Equivalent

Fluence (cm-2) _(mrem)

Module TLD Low-LET 100.0 £ 10.3
Tunnel TLD Low-LET . M4 4.2
Pallet TLD Low-LET 184.3 ¢ 6.9
Module HZE High-LET 265 ¢ B3 185 ¢ S7
Tunnel HIE High-LET 266 = 27 185 t 18
Pallet HZIE High-LET 203 ¢ 26 142 2 18
Module Nuclear Emulsions

Protons 4.6 + 0.90 x 10°

1%2 2.61 £ 0.54 x 10?
Module Neutrons

Thermal 1.1 21,1 x 10 0.01 ¢ 0.01

Resonance 5.221.6x10% 2.5 0.8

High-Energy 7.0 2 0.6 x 10° 42+ 4
Pallet Neutrons

Thermal 4,2+1.3x 10% 0.04 £ 0.0)

Resonance 1.5+£0.2x 106 7.3 0.8

High-Energy 7.6 £ 0.7 x 10% 45 £ 4
Module Total Dose 330 £ 70
Pallet Total Dose 379 2 46

*The errors of the constituent fluences and doses are those due to measurement

statistics.
errors (o).

ARD SN/2 shows a similar behavior, but the
proportional counter rates are somewhat lower due
:: the shielding of the equipment and structure in

ck 3.

Discussion

The passive dosimeter results on Spacelab-l
showed some marked differences with measurements
made in the crew compartments of previous STS fli-
ghts and also with crew compartment measurements on
STS-9. The low LET dose rate of 10.0 mrads/day is
about twice the rate found on flights previous to
STS-9, and nearly equal to that in the crew compar-
tment of STS-9 (10.1 mrads/day)'3 The high LET dose
rate of 18.5 mrem/day 1s about six times higher
than that four ' on earlier flights and also 2.4
times higher than found in the crew compartment
(7.6 mrem/day) on the STS-9 mission. The total
neutron dose of 4.45 mrem/day, fn the module, is
2-4 times higher than found on the previous STS
flights where similar measurements were made. There
were no high energy neutron measurements made in
the crew compartment on STS-9, but the resonance
fluences measured there were approximately the same
as in the module.

High energy neutron doses were not measured on
the majority of the STS-missions, so a comparison
of total doses cannot be made. On the basis of the
Yow- and high-LET doses, however, the dose rate in
the Spacelad module (28.5 mrem/day) is about 3.5
times higher than on previous flights and 1.6 times
higher than in the crew compartment of STS-9.

A summary of some of the passive dosimetry
data from U.S. manned spaceflights, including the
TLD data from Spacelab-1, is given in Table 3, Data
from several later STS flights are also included

The errors of the total doses are the best estimates of the total

for comparison. The variations of dose rates with
the type of mission and with orbital parameters is
clearly seen. .

The fon chamber in SL-1 showed a mission accu-
mulated dose of 125 = (7+) mrads near the top of
Rack 3 and 128 z (7+) mrads in the bottom of Rack 3.
The accumulated dose was mostly due to galactic cos-
mic rays and protons in the SAA. Ion chamber dose
accumulation during passage through the SAA regfon
was determined by choosing those segments of data
where the proportional counter rate significantly
increased and then determining the number of ion
chamber counts in those regions. lon chamber SN/
accumulated 17 £ 1 mrads and SN/2 accumulated 12 ¢ )
mrads during the SAA passes (extrapolated to total
mission time). Since SN/2 1s in a location with
more effective shielding the relative dose indicates
some absorption of the protons. These SAA doses are
13% and 10% of the total fon chamber dose respect-
ively for periods when the data was available. Most
of the remaining (tissue-equivalent) dose comes from
the cosmic ray flux. The Xenon-filled proportional
counters, which had a count rate of Al cps average
on the ground, had count rates of up to 35 cps (av)
at northern latitudes due to cosmic rays, up to ~200
cps (av) in the middle of the SAA (mostly due to
protons and some X-rays) and up to 150 cps (av) in
the south horn of the electron belts, primarily due
to brehmsstrahlung X-rays produced by electrons in
the Spacelab structure.

The detectors used in these measurements are
responding to radfatfon that has been modified by
the Spacelab and STS shielding. The cosmic rays are
modified least. The SAA electrons and low energy
protons are stopped by the structure and those re-
maining have their spectra modified. The {ntense
electron flux {n the horns is mostly absorbed in the
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showing varfations due to galactic cosmic rays, South
Atlantic Anomaly particles and South Horn electrons.

SL structure but the brehmsstrah\ung X-rays pene-
trate into Spacelab.

The mission dose and particle count rates on
other missions will be quite dependent on the orbi-
tal parameters. The SAA proton flux increases
rapidly with altituded, while the cosmic ray flux
does not significantly increase. The fluence of
the SAA particles is at a maximum around 40° orbi-
tal inclination where the spacecraft spends the
maximum time in the Anomaly region. The cosmic ray
flux will vary according to orbital inclination as

can be seen from Fig. 9. A 28.5° inclination orbdit
would have a much reduced cosmic ray component (GCR)
to the dose. The electron belt horns would not be
seen at inclinations below about 45° whereas at
higher inclfnations than 57° the brehmsstrahlung
intensity would significantly increase.

The SL-1 active detectors give no information

_ on fndividual components of the radiation such as

neutrons or the heavy cosmic rays which produce the
high LET tracks with the{r high relative biological
efficiency. These detectors also produce no data



TABLE 3

Dosimetry Data from U.S. Manned Spaceflights

Average
Duration Inclination Apogee-Perigee Average Dose dose rgte
Fiight (hrs/days) (deg) {km) {mrad) {mrad/day)
Gemini 4 97.3 hrs 32.5 296 - 166 46 11
Gemini 6 25.3 hrs 28.9 311 - 283 25 23
Apollg 7+ 260.1 hrs 160 15
Apollo 8 147.0 hrs lunar orbital flight 160 26
Apollo 9 241.0 brs 200 20
Apolle 10 192.0 hrs lunar orbital flight 480 60
Apolle 11 194.0 hrs lunar orbital flight 180 22
Apollo 12 244.5 hrs lunar orbital flight 580 57
Apollo 13 142.9 hrs lunar orbital flight 240 40
Apollio 14 216.0 hrs lunar orbital flight 1140 127
Apollo 15 295.0 hrs lunar orbital flight 300 24
Apollo 16 265.8 hrs lunar orbital flight 510 46
Apolle 17 301.8 hrs tunar orbital flight 550 44
Skyladb 2+« 28 days 50 altitude = 435 1596 57+ 3
Skylab 3 59 days 50 . = 435 3835 65 5§
Skylab 4 90 days 50 " = 43§ 7740 86 £ 9
Apolig-Soyuz
Test Project 9 days 50 - = 220 106 12
STs-2t 57.5 hrs 38 - = 240 12.5: 1.8 5.2
STS-3 194.5 hrs 38 ° = 240 §2.5: 1.8 6.5
STS-4 169.1 hrs 28.5 " = 297 44.6 = 1.1 6.3
ST15-5 120.0 hrs 28.5 * = 297 27.8 £ 2.5 S.6
STS-6 120.0 hrs 28.5 “ = 284 27.3 ¢ 0.9 5.5
- §18-7 143.0 hrs 28.5 " = 297 34.8 £ 2.3 5.8
S75-8 70/75 hrs 28.5 ” %297/222 38 <+1.5 5.8
STS-9 240.0 hrs 57 “ = 241 101.1 ¢« 3.1 10.1
ST5-9 (SL-1) 100.0 £10.3 10.0
STS-418 191.0 hrs 28.5 - s 297 43.6 = 1.8 5.5
STS-41C 168.0 hrs 28.5 * = 519 403.0 £12.0 57.6
STS-41D 145.0 28.5 . 297 42.0 + 2.8 7.0
STS-416 29/19/148.5 57.0 ® 352/274/224 B82.4 x 2.4 10.0
STS-S1A 192 28.5 . 324 94.3 £ 4.9 11.8

*Doses quoted for the Apollo flights are skin TLD doses,

The doses to the blood-forming

organs are approximately 40% lower than the values measured at the body surface.
**Mean thermoluminescent dosimeter (TLD) Skylad dose rates from crew dosimeters.
+STS data is an average of USF TLD-700 (7LiF) readings.

on energy spectra of the radiation components, with
the exception of some qualitative data on the brehm-
sstrahlung component, and SAA protons.

Conclusions

We have reported here the results of passive
and active radiation measurements on SL-1 which pro-
vide the most comprehensive picture yet given of
the radiation constituents in a large spacecraft in
low Earth orbit. Because of {its low altitude and
short duration, S1-1 was relatively benign in terms
of total radfation dose. Some of the measurements
such as the high-LET particles and neutrons have
biological significance and potential effects on
future experiments (e.g., gamma ray experiments)
that are not at present fugly assessed. The mea-
surements clearly show the variety of phenomena
that must be understood before extrapolation to
other orbits or spacecraft shielding situations fs
possible, and before effects of long exposure at
higher altitudes, such as in the space station, can
be assessed. .
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THE MEASURED RADIATION ENVIRONMENT WITHIN SPACELABS 1 AND 2 AND COMPARISON WITH
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ABSTRACT
To measure the radiation enviromment in the Spacelab (SL) module and on the palletc, a set
of passive and active radiation detectors was flown as part of the verification of flight
instrumentation (VFI). SL1 carried 4 passive and 2 active ietector packages which, with
the lata “ram =he 26 passive detectors ~f Zxperiment INS006, provided a comprehensive
survéy of che radiation 2nvironment w~ithin the spacecraft. 35L2Z carried 2 passive VFI
inits on zhe pallet. Thermoluminescent {osimeters (TLD's) measured the low linear energy
::ansfe; {LET) dose component; =he HZE fluence and LET spectra wJere mapped with CR=39
~rack detectors:; =hermal and 2pithermal neutrons wvere neasured with the use of fission
Soils; metal samples analyzed %ty camma rav spectroscopy neasured low levels of several
accivation lines. The TLD's ragistered fram 27 zo 143 mrad in the SL1 module. D2ose
2quivalents of 330270 ~rem in the moéule and 556+37 mxem on the SL2 pallat were
measured. The ac<ive units in =he SL!1 module =2ach contained an integrating tissue=~
2quivalent ion chamber and ~wo differently-shielded xenon-filed proportional counters.
The ion-chambers accumulaced 125 and 128 mrads for the =ission with 17 and !2 wrads
iccumulacted during nassages =hrougn the 3outh itlantic anomalvy (SAA). The proportional
counter -ates (~1 =ps it sea lLevel) were ~100 cps in the middle »f <he SAA (mostly
orotons), ~35 cps at large jeomagnetic latitudes (cosmic rays) and ~100 cps in the Soutn
dorn of the electron bel:ts imoscly sremsstranlung). Detailed cesults of =zhese
aeasuraments ind comparison with calculated rralues from radiation anvironment and

shielding models are described.
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The radiation enviromment within the Spacslab module and on the pallet are of interest to
many who will use the facility. The bimmedical community, gamma ray astroncmers and
others with radiation sensitive detactors, experimenters with photographic matarial, those
with instruments containing many microcircuits sensitive to "single avent upsets,” etc.
need the radiation to be charactsrized. Since the ambient cosmic ray and trapped belt
radiation is considerably modified by the shielding of the Spacelab and the shuttle mass.
and some constituents ars produced by interactions, predicting the comoplete radiation
enviromment within the lab would be a formidable problem. Uncertainties in the trapped
proton flux (~ factor 2) and electrons (~ factor S5) currently exist. The cosmic rays
interact with the structure producing a variety of secondary particles and fragmenting the
heavy nuclei. 3Some trapped protons are absorbed or interact producing neutrons, tarqget
spallacion products, or recoil muclei. The trapped electrons are mostly absorbed in the
structure, Sut generate peneatrating bremsstrahlung shotons. ?Predicting the radiation is
further' complicated by the complex shielding distributions, by various attitudes of the
spacecraft in the samewhat directional primary radiation field, and changing shielding due

=2 consumables ind equipment or c<rew ovements.

The initial step in fulfilling future user's need for radiation z2nvironment information on
Spacelab (SL) were the preflight predictions /1/ and the radiation measurements nerformed
on SL1 and SL2. The nredictions used simplifed shielding {distributions and predicted only

rad lose ind the fluence of protons and 2lectrons 48 1 function of shield thickness.

The measurements Jere pertformed hoth 'w selected experiments (principally INS006 on 3L1)
and Sy instruments of the Varification Flight Instrumentation (VFI) Program on 3L1 and

3L2. “easurements wJere made wvith passive letectors of total mission ‘iose, tleavy nuclei

473

luence and linear anergy transfer (LEZT) spectra, neutron fluence, activation of metal
samples, and effects on photographic and nuclear track emulsions. 3Simple aelectronic
detectors ~ere used on SL1 to determine temporal variations of dose and count rate :lue to

2
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cosmic rays and trapped protons and electrons. SL2 also carried a gamma ray spectrometer

(the Nuclear Radiation Monitor) in the VFI program which measured the gamma ray background
spectrum and its temporal bshaviour in the payload bay. Results from it are discussed in
caper XII.2.7, this conference. This set of measurements covered many of the phencmena

required to characterize the radiation environment within a complex spacecraft, and offers

. a large set of Jdata to compars with calculations from vadiation models.

In this paper we present results of radiation dose measured with thermoluminescent
dosimeters (TLD's) and ion chambers, and campare them with preflight p»redictions and
postflight calculations using actual shielding distributions. The elecronic -letector
results on temporal variations, and conclusions about the principal dose constituents are
discussed. The heav?' ion and neutron fluence and the bhiclogical diose equivalent (rem)
nmeasured with CR=39 nuclear =rack detectors and neutron Tigsion foil detectors ire
sresented. Postflight masﬁremem:s of residual induced activity in the activation metal
samples  are iiscussed. Results fram the 2xposure of nuclear =rack 2mulsions and
shotographic materials will be reported separately. The preflight predictions and recent
zalculacions using actual shielding distributions ire compared with the measurements.
Implications for ‘uture radiation orediction »rograms ‘e.g., for =he space station) are

iiscussed.

INSTRUMENTS AaND TECHNIQUES
The mmasurements ceported here are Srom 25 nassive -letector nackages of 3L1 a2xperiment

NMS006 2/, 4 passive and 2 acsive .leteczor dackages of the Tl nsrogqram 3/ on SL1, and

9

passiv’e 7Pl packages on SL2. The lastruments ire summarized in Figure 1.

The 1USJNS experiment packages were in I -onfiguracions. Twenty-zhree assive Josimeter
Sackets (PDP's) and 3 Thick Plastic 3tacks ({TPS) wvere Zflown. The 20P's3 contained 1 set °F
wiF =hermoluminescent losimeters (TLD's) . -=ype 700 and Can type 200 for low linear energy

~ransfer (LET) dose measurements and two ! m thick sheets of CR-=39 nuclear =rack

3



detsctors for HZE (heavy ion) measurements. The TPS packages contained TLD's, CR=-39
sheets; and AgGClL crystal track detectors to extsnd the measurement of HZE particles below
the threshold of the CR-39 datectors. The CR-39 detsctors had a normal incidence
threshold of m’(azm = 40 kaV/um equivalent to minimum ionizing Z = 15. The threshold
was 3 keV/um and Z = 7 for SL2. The INS006 packages were distributed at various locations
within the Spacelab module and in the access tunnel to the shuttle crew compartments.

These locations were at a wide range of average and minimum shielding which are further

described in reference /4/ and section IV.
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SPACELAB 1 RADIATION MEASUREMENT PACKA

ACTIVE RADIAT! 0 RS (VF
PASSIVE RADIATION DETECTORS (VE!) : TISSUS EQUIVALENT
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Tig. 1. Detector package configurations for Experiment TNS006 and Verification Flight
Instrumentation on Spacelab 1.
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The VPI passive radiation detector (PRD) packages were in two configurations. The passive
radiation detectors on the pallet (PRD=?'s) were in hermetrically sealed cylindrical
containers. The passive radiation detectors in the module (PRD-M'S) were in sheet metal
boxss. SL1 carried three PRD=-M's and ons PRD~P. SL2 carried two PRD=P’'s. The PRD's all
contained TLD's Zor low LET total dose, CR-39 for HZE measursments, photographic f£ilm, and
nuclear track emulsion samples. Ons PRD-M and the PRD-P on SL1 and one PRD=P on SL2
contained fission foil neutron detectors and metal activation samples. The PRD-P's

contained discs aof CR=39 and other Jdetector arrays 8 om in diameter. ESach PRD=M contained

three orthagonally placed subassemblies of HZE detectors consisting of sheets of CR=-39, 2

2

x 58 cm“ in area. The CR=39 threshold is incident angle dependent and this arrangement

allows the cmnidirectional HZE fluence and Airectional dependence to be sampled.

~he neutron letectors amploved CR-39 track detectors in contact with °LiF alpha radiators,
7ith and without I absorbers, for Adiscriminating thermal (<0.3 2V) and resonance (0.3=1
“eV) neutrons. Mica “rack detectors wers nlaced in contact with Th fission fragment

radiacors =5 measure >1 MeV neutrons. 7or single interface detectors the response of the

J2iT/CR=39 detectors ~as calculated =o be 4.3 x 19~3 f}::acks in CR-39/thermal neutron and

2.15 ¢ 107 2 =racks in CR-319/regonance neutron (assuming a moderated 1/In teutron
spectrin <hrough the resonance eneryy region). The nigh energy decectors w~ere 1ilso
sensitive o nrotons above 17 MaV which can cause “ission in Th. Deriving =he high =2nersgy
neutron fluence requires assumptions about the proton and -eutron fluences and spectra,
Jhich cause uncertainties in the results. The method used here has been previously
iescribed ’S,8/. A response of 2.5 x 10'5 Eission.fraqmen: rracks in micas/high 2neray

~eutron w~vas calculated. FTurther letails of =he reutron iatectors are in Reference 4.

The —wo TFI Active R\adiation Detector (ARD's) nackages on 3L1!1 2ach contained an
incagracing Sissue—equivalen: ion chamber /7/ aind =wo <enon=illed nroonr=ional :ounters
‘3/. These rather simple ~mnidirectional detectors'dere'lesiqned O neasure *temporal
variationsg of radiat;on lose ind count rate due to cosmic ray nuclei, %=rapped protons and
2lectrong, and bremsstrahlung x-rays.fron 2lectrons stopped in the SL structure. The ion
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chambers had a sensitive gas volume of 180 3. Preflight calibrations of the ion

chambers at 6.1 £ 0.3 yrads and 10.4 £ 0.5 yrads per unit output w&a reproduced after the
£light within SS. The proportiocnal counters (PC's) had a sensitive volume of ~50 cm’ and
counted each ionizing event with energy deposition greater than 5.9 keV in the gas (about
3Ss of the charged particles and 2% of 100 keV photons are counted). In the laboratory

the PC's count ratas was ~1/sec. One PC of two in each unit was surrounded by a copper

sleeve 1 q/cnz thick which would absorb >40% of 100 eV photons. The ARD's were placed in

che top and bottom of equipment rack 3 in the SL1 module. A PRD=M was placed beside each

ARD.

Results of Measurements

The Spacelab 1 mission flew for 10 days at ~250 '‘an altitude and 57° inclination. ™wenty-
aine jassive and two active detector packages vere used at a variety of shielding

locations in the module and tunnel, and ocne PRD-P was on the pallat. Spacelab 2 flew at

~315 'an; 49.5° inclination for 3 days. Two PRD=-P packages with almost identical shielding
“ere in “he payload bay. Ve first summarize =the neasurements of total radiation dose with
=he TLD's and ion chambers, and then discuss the <emporal behavior of =he dose and count
race Srom che active letectors. Yext the HZE nar<icle and neutron fluences and =he
mission biological dose are osresented, and finally activation of metal samples is

iiscussed. Table ! summarizes the results.

The Spacelab ! “.*..D's in the module registered low LET doses ranging from 2.7 £ J.3 co 13.3

B

L 1.1 arads/day (total reqistered lose divided oy 10). The average in -he nodule was 10.)
nrads/day. The TLD's in the ?RD-P behind 1.0 ';/cm: minimum shielding registered 19.0 =
0.7 mrads/day. On 3L2 the =wo sets 7 TLD's in =he payload bay behind 1.25 q/cm: minimum
shielding registered 31.3 & '.5 and 31.J %+ 1.3 mrads/day. The location of individual

aeagurements is further lescribed in refarence i1 and the sample shielding (distributions

and comparison with environment calculations are discussed in the next section.

6
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The ion chamber dose measurements had many data gaps, but S4% of the mission was

covered. The average dose rates were 12.5 £ 0.7 and 12.3 £ 0.7 mrads/day in the top and
bottom of rack 3. TLD msasurements in adjacent ?RD-M's registererd 9.7 £ 0.3 mrad/day and
10.9 £ 0.3 mrad/day, respectively. The ion chaﬁbers thus appear to measure about 20%
higher values than the TLD's. Part of this is due to the TLD's lower sensitivity to heavy
nuclei. As discussed later, about 35% of the SL] module dose comes from cosmic rays. an;
the TID's are less sensitive to very heavy muiclei than singly charged particles. An exact
calculacion of the axpected difference would require a transport calculation for the heavy
nuclei including slowing and fragqmentation, which has not been Jdone. A simplified
estimats using the primary cosmic ray relative abundances in magnetic rigidity and a TLD

dose calibration ~ith heavy ions /9/ indicates about 153 .1iffarence. Other potential

contributions are systematic “iases in calibration and bYiased environment sampling iue =0

lata gapse.

The :em;;oral information from the ion chambgrs and oroportional counters allowed an
assessment 2f the relative contributions of the cosmic rays and =rapped belt narticles.
Tigure 2 i3 a l-nour sagment of .lata Srom one ion chamber and the wo 2C's in the same
unit. This shows variations in ion chamber dose inteqration and progor:ionﬁl counter
rates .Jue =o cosmic rcays (with the exéec:ed geomagnetic iependence); and <he =rapped
particles in the 3South Altantic Anomoly (SAA) rTegion and the south "hora” of the 2lecctron
selt. The observation that =he ion chamber .iose rates in =he south=horn region are not
significanely 1iffer§nc Srom -~ates at other 1igh latitude por=ions of <he orhit suggest
=hat =he high oproportional —=ounter rates -here ire lue =0 bremsstrahlung oshotons osraduced
by 2lectrons stopping in “he spacelab structure. The “igh oroportional counter rates in
zhe 35AA are lue =0 the =rapped drotons that onroduce :the iacrease in IC iose rate in thac
region. The relative absorption a2fficiency of shotons in the low atomic number as in =he
tissue-wcuivalent ion chamber and nigh acomic number gas ( xenon) in the sroportional

counters =nables this distinction in the neasurements.
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TABLE 1 Summary of Msasuremants on SL1 and SL2

Plusnce (cm”2)

Dose Zguiv. (mrem)

SL1 (10 Days)

Module TLD low=Let (average) 100.0 + 10,3+
Tunnel TLD low=LET (average) 111.4 + 4.2*
Pallet TLD low=LET 184.3 = 6.9*
Module TLD low=LET (range) 97 to 143
Module HZE high-LET * 265 £ 83 185 & 57
Tunnel HZE high-Let & 266 £ 27 185 = 18
?allet T2ZE high=-LET * 203 £ 26 142 £ 18
Module nuclear amulsions
Protons 4.81 £ 0.90 x 10°
z>2 2.61 £ 0.54 x 103
Module neutrons
Thermal 1.1 = 1.1 x 103 0.01 = 0.01
Resonance 562 2 1.6 x 103 2.5 &£ 1.8
41 gh-enerqgy 7.1 £ 0.6 x 103 42 = 3
Pallet neutrons
Thermal 3.2 & 1.3 x 107 9.04 = 7.01
Resonance 1.3 2 97.2 x 108 7.3 £ 1.8
4igh=energy 7.6 £ 9.7 x 103 35 = 3
‘fodule total dose 330 = 71
Pallet =otal dose 379 = 36
on chamber SN1 128 = 7~
Ion chamber 3N2 128 = 7*
?C1 unshielded (13-1S0 cps)
PC1 snielded (10=110 cps)
SL2 ‘S Javs)
Pallet TID low=LET 245 = 12+
Pallet HYZE Nigh=LET % 393 £ 16 269 = 25
Pallat neutrons
Thermal 1.4 £ 9.3 x 103 7.14 £ 9.03
Resonance 2.0 # 7.4 x 105 9.7 = 2.2
41 gh-energy 5.4 = 1.2 x 107 12 = 7
Pallet total Jdose 556 = 137
*Dose in mrads. £ Note :lifferences in CR-39 threshold on 3L1 and SL2.
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Fige 2. Count rate of =wo proportional counters and ion chamber accumulation at high
northern lacitudes, the geomagnetic =2quator, the SAA, and the alectron nhorn.

The segments of the ion chamber data indicating =he SAA by =emporal bSehaviour of the 2C

count r;ce comprise J.13 of =he average nission dose for the top ion chamber and 0.10 for
che nne in the bottom of rack 3. These small ‘ractions may be somewhat biased by IT lata
gaps, but show clz2arly =zhat zhe 3Jose in the SL1 orbit .s iominaced by the cosmic rays, ais
oredicted oy sre-flight calculations /1/. The calcula:i§ns 2ls0 show =hat trapped protons

would dominate above ~350-400 '‘an for similar locations in the 3Spacelab module.

Jccasionally at large geomagnetic latizudes, sudden increases in proportional counter
?aces occuéred 18 shown in Tigure 3. 3remsstrahlung nhotons of ~100 eV characteristic
energy are indicacted by :the -elative count rates of =he snielded and unshielded
sropor=ional counters and the lack of significant lose rate above that 2xpected Trom
cosmic rays. T"he intensity was occasionally ~ =twice that observed in the undisturbed
south 2lectron 1orn and 2pisodes lasted fram 1 few =0 ~300 seconds. Seventeen significant
2pisodes occurred in thé aporoximately “ive lays of ARD :lata, nore “recuently near the 2nd
of “he mission. These events resemble “rapped electron "orecipitation” events previously
- observed /10,11l/, and work is in nrogress to nlassify them. This nhenomenon may be

éignificant for =»xperimenters with photon sensitive instruments.

9
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fig. 3. One nhour of ARD data in which the SAA and electron orns are 20t ancountered.
Large Zluctuations in the PC count rates are dus to bremsstrahlung photons.

The low fraction of dose due to trapped particles in the SL1 module makes assessment of

che <rapped =2nvironment and its absorbtion v shielding somewhat uncertain. Analysis is

also complicated Ly the variation in attitude of the shuttle hecause =he trapped particle
angqular listribution is directional with more jarticles arriving nearly perpendicular =o

magnetic Zield lines ian a "pancake" distribution. 7To aid in assessing the 3AA and south
7 g

2lectron horn e2ffects, contour maps of =he radiation wvere assembled. 3ecause of =he shor=

aission times and data gaps the maps were <onstructed by averaging data around

Jeographical n»oints (e.g., within 3°2), and smoocthing. DJisplaved in Figure 4 are the lose

rate Zrom Swo IC's and nne »f <he 2C's in the 5AA region. That zhe tmwo IC's are in

different shielding situations is obvious. Comparisons between =he TC and PC maps show

high PC count rates in the south "2lectron horn" region, ut =Zhe IC's have a0 significanc

dose accumulation there. This is {ue to the relatively high sensitivity of the 2C's -o

bremsstrahlung photons as previously noted.

10



The averaging and smoothing in making the maps reduce count ratas and dose rates actually

observed near the center of the SAA. These values are found by taking maximum slopes of
rates obgerved in d.irect data as shown in ?ig-ure 2. The maximum obsearved rates wers about

20% higher t=han the map contours in the center of the anamoly.

The HZE heavy ion fluence +as “sasured on SL1 with the CR-39 detectors that had a

threshold sensitivity of m, = 40 keV/um (relativiscic Z = 15 at normal incidence to the

CR=39). For SL2 =he threshold vas 8 keV/um (2 = 7). wWith these detectors a track flusnce

at various locations batween '25 £ 19 and 43S = 59 particles/cnz ware observed for the

miggion. The variations were most likely due to fragmentation of the heavy cosmic ray

nuclei in varied shielding and shuctle attitudes, but no calculation has yet bsen done to

verify this. An average of diological lose equivalent dus to these particles is 18.5 =

7.5 mrem/day in the 5L1 nodule. On the 5L1 jallet behind about 1 g/czn2 minimum shielding

-
che HZE fluences was 203 = & ~articles/cm™ for the mission, giving a biological dose of

14.2 = .2 mrem/day. For 3paca2lab 2 the HZE Zluence for the 3-day mission were 495 a”?

and 189 m‘z in che =wo PRD-?'s3, 3jiviang a1 .lose equivalent of 34 £+ 3 =rem/day

-

Zor L.E.'r‘(H,D) > 3 <eV/mrem.

The neutrron figsion foils 2roducad daca on chermal (<3.3 aV), zesonance (0.3-1 MeV), and

1igh 2nergy (>1 “eV) neutrons. IJne set of Zission foils in the SL!1 module (PRD=M)

. - - -
neasursd mission “luences of ‘.1 = 1.1 x 107 /cm™ for =hermal, 3.2 £ 1.3 x 107 /zm~ Sor

-~ -
regonance, and 7.1 £ 1.8 x *2° ‘zm” for “igh energy "eurrons. This gJives a total module
aeutron dose of 1.4 = 1.5 wrems lav. The cespective alues or nallet mounted PRD-P vere

2 3 2 3 2
1.2 = 1.3 ¢ ‘IO"/cm‘, 1.5 = 1.2 « 199", 7.6 = 0.7 x 10°/cm=, and 3.3 = 9.9 nrem/:lose,

ragpeczively. The 2rrors ir2 “rom track counting statistics. The neutron -lose »n the

-

Spacelab 2 nallet was 1.2 £ ‘.. arem/day.
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ORIGINAL PAGE IS

OF POOR QUALITY



ORIGINAL PAGE 1
OF POOR QuaLITy

Fige 4. Maps of dose isocontours
in t=he SAA for ion chambers 1 and
2. The PC count rate for the
counter in ARD 1 (unshielded) is
also shown. Dose rates for the
ion chamber in the top of rack 3,
shown in 4(a), are higher in the
ceanter of the SAA than for the
one in <=he bottom of rack 13,
shown in 1(b). The contours of
she proportional counter 3i(c¢)
show high rates in the south
“orn, near Longitude 30° =.
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The sum of the low LET dose from the TLD's, the AZE dose, and the neutron dose gives the
total biological dose equivalent. These were 33.0 : 7.0 mrem/day for the SL!1 module, 37.9
‘£ 4.6 zrem/day for the SL1 pallet, and 69.9 £ 4.5 mrem/day for the SL2 pallet. As has
been pravicusly pointad out /4,12/ the measure values of the low LET dose rate on SL! are
about twice as “igh as the dose measured on pravious STS missions which were flown at

_ similar altitudes but 28.5° inclination. The combined low and high LET ratas (33 mrem day
in the module) is about 3.5 times higher than the previocus shuttle missions. This is a

consaquence of the much larger cosmic ray contribution to the dose at 57°.

“etal samples (Co, Ti, Ni, V) 5.0 am square and 0.32 cm thick were included in two SL1 and
one SL2 PRD's in ovder to measure activation of materials in the Spacelab/Shuttle
environment. Gamma rays from activated spacecraft and decector systems are a major source
of bYackground in gamma ray astronany. The samoles were counted in a low—wlevel gamma-ray
spectrometer facility within 10 days of their return from orbit. The only activation
isotove ‘found to be well separated “rom the background was 3035 in a cobalt sample. A

58

marginal Jdetection of Zo ~was ‘ound in rhe aickel sample. Trom 3Spacelab 2, the measured

activity in che 73 ram cobalt sample was 70 £ 3 counts er 193 gec. Jlorrrecting for
detector afficiency, self-absorption and decay <ollowing recovery, the activity at tche -=nd
of the light was 7.52 % 7.06 dps/kg. The saturated activity, the ac=ivity which would
nave bHaen reached if in orbit Sor much longer than tzhe 71 3lay half-life of CQsa, is 5.3 =
7.7 3ips/%g. The activation Sfound on Spacelab ! was about one==hird that of Spacelab 2.

These Low levels are due =o the short mission time and low altictudes.

There aire =wo main oroduction todes for -‘:038 from <he Co59 sarger: ,:059 (p,pn) :osa and
:353 ‘a,an) Cosa. Alchough it is 70t zossible =o listingquish hetween :the production
nodes, it is believed that the Iluxes of activating neutrons and nrotons are comparable At
che sample location. The cross sections for the above reactnions are within a factor of
two in the energy range of interast (%20 MeV =o 100 MeV). ‘Tsing a <ean cross section of
200 wb for the production of Cose, the activating particle fluence is astimated to he

13
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$S.2 £ 0.7 x 105/<:n72 for the mission. The total fluence of neutron from the fission foils
plus protons fram the nuclear track emulsions is =1.5 x 108 /2. Considering the low

lavels of activation and analysis uncertainties, the agreement is reasonable.

Comparison with Calculations and Discussion

The radiation environment to be anticipated within Spacelab was calculated in .1975 with
the Earth's magnetic field sxtrapolated to 1980 /1/. The calculations included Vette's
/13/ APS may trapped proton enviromment, the AE4-AE6 electron snviromment /16/ and the
cosmic ray enviromment /17/. Calculations wers made of radiation dose and proton and

alectron fluence for a simplified mass model of the Spacelab and for spherical shells.

“When comparing the preflight predictions with the measurements an obvioﬁs difficulty is
che complexity of the actual shielding diseribution compared to the simplified ones used
ia the psredictions. A second iifficulty is that t=he doses for the SL! and SL2 altitudes
are dominated by the cosmic rays at shielding iepths 12 q/cm2 (where most of the detectors
are), and thus measured dose is relatively insensitive toc the :rapped helt enviromment.
The tables /1/ indicate that at spherical shielding 2epchs of 10 g/cm2 for SL1 <he Jdose
snould be -~20 miads/day, and atc 10 q/cmz,.~10 mrads/day. The measured average 3L! module
iose wvas 10.0 mrads/day with the arithmetic averaqe”shieldinq depthr for various detectors
varving between 14 and 46 q/cmz. on che 3L7 nallet che PRD=® had a ~over [(insulation,
aluminum housing, etc.) of 1.0 g/cmz, Sut less than a 2r 7iew of the sky. ‘The cables
would indica:a about ~100 mrads/day if 7iew angle and a 1! q/cm2 spherical shield is
sonsidered. ZzZlectrons, followed by protons, would contribute most of =he calculated
lose. The PRD-? measurement wvas 18.3 arad/day. The conclusions Sram the above
comparisons wWere that the =nvironment nodels used most likely overestimate the trapped
sar=icles, and =hat the simole shielding (iistributions were too simple Eor‘compAtiscns
Jith measurements. Ve can ilso speculate that orbiter actitudes nay have i large

influence a:>thin snielding locations.
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We have undertaken some recsnt calculations to i{lluminate the shielding distribution
problem. For a sample of shielding locations in the SL! module anq in the tunnel we have
used actual shielding distributions /14/ and defined a shielding measure, the “dose
waighted depth,” as described below. For the thinly shielded PRD=P's on SL1 and SL2, we
have calculated dose from a "thin slab™ model, since actual distributions from these
locations were not yet available. We also calculated the axpected count rate in the
proportional counters dus to bremsstrahlung X rays (from the trapped electrons). The

remainder of this section describes these calculations and comparison with the

neasurementse.

The relevant components to the charged particle radiation environment are the
gecmagnetically trapped protons and electrons, and the galactic cosmic ray nuclei. Tor
shese calculations the oroton fluxes ware obtained from the “Jette proton model APSHI& /13/
18ing the ISRF 1965 magnetic field model /15/ psrojected to 1964, the apoche of =he flux
rodel. The electron Eluxe; were obtained from AESMIN /16/ and =he same Sield model.
Jalactic cosmic ray lose predictions which were =aken from reference 17 include
jeomagnetic 2ffects and ionization loss, and simplified corrections for interactions.
Johnson 3Space Tlight Zaenter /14/ provided the ntass .listributions for 312 .lirec=ions
surrounding TLD locations “rom a geometrical model of the Shuttle and 3pacelab. The
calculations assume an ilsotropic srimary sarticle Zlux, which would be :zhe case Sor a long

ijuracion spinnihq spacecraft. It is only a raugh approximation for Spacelab.

The results »f ilose calculations for the iifferent radiation components are compared =»
=he measured TLD 1oses ia Table 2. This =able contains only about 1/3 of =he TLD

locations, but represents :-he range of shielding thicknesses in =he module and tunnel.

The one on =he nallet is discussed lacter.

The arithmetic average of the shield thicknesses ailong the 3512 iirections about the

locations is in column 1. The spherical shell thickness that would result in the same
' ‘ ORIGINAL PAGE IS
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_ central dose as the calculatad dose shown in column & is in column 2. This is called the
*dose weightad depth.” The dose weighted depth is dependent on the eﬁviromm:al models
and orbital pnrancurs. Column 3 is the dose due to electrons and hremsstrahlung
calculated using techniques described in reference /18/. The electron dose fraction fram
each direction is approximated assuming an infinits plane shield of appropriate thickness
for that direction. Columns 4 and 5 are the proton and galactic cosmic ray doses
calculated in the "straight ahead” approximation /19/ through the shielding
distribution. The total calculated dose is in column 8 and the msasured TILD doses in
column 7. The calculated values have nﬁe been corrected for the reduced sensitivity of

the TLD's to heavy nuclei /9/. The calculated and measured doses from this table are

shown in Tigure S.

TABLE 2 Spacelab ' Shielding and Total MMission Dose at Sample
Locations in the Module and Tunnel

Arithmetic 'dez;::ed Galactic “‘easured
Average Average Electron ?roton Cosmic Ray Total TLD
Shielding Shielding Dose Dose Dose Dose Dose
(q/cmz) . (q/c:nz) (mrads) {mrads) (mrads) (mrads) (mrads)
55 20 13 22 37 1290 106.7 = 2.7
14 3 4 57 110 - 170 122.3 £ 7.2
19 3 4 52 110 160 102.2 £ 2.7
23 3 56 52 110 220 142.9 & 10.2
25 3 ) a4 10Q 150 102.3 & 3.5
26 3 49 58 100 210 141.0 £ 3.7
57 25 14 17 36 120 105.1 £ 3.8
34 12 18 26 100 140 104.3 £ 3.!
29 11 7 37 100 150 105.3 = 2.9
38 30 3 15 31 100 109.2 = 3.7
45 2S5 4 19 33 120 109.7 = 2.6

The aigreement between the predicted and measured Jdoses is reasonable considering the
isotropic flux assumption, the 'incertainties in the environment nodels, and the shielding

distribution approximations. 3eyond about 10 g/c:nz (dose weighted ;lepch) the cosmic rays
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contribute almost all of the dose. The three locations with the least shielding have |
higher doses than the rest due to trapped particles. The msasurements are obviocusly lower
than calculated at these locations Lndicat-_i_.nq that the trapped environment models may
predict too large a flux. The discrepancy between effective shield as defined by the
aritimecic and dose weighted average shielding is notsworthy. Using the arithmetic
average overestimatas the effective shielding. Faor example the locations with weighted
shielding af 3 g/cm’® had shielding of between 1.0 and 1.5 g/cm® aver ~3s of the total
solid angle. Thus much of the differencs between ioses at these points and the rest is
due to thin shielding over a small fraction of the solid angles. In Table 2 the electron
component does -not follow the dose weightad depth monotonically. This is because the
alectron contribution to the dose is A very steep function of shielded depth helow 2

q/cm"', and small solid angles with thin shielding nave 1 large effec=.

SL1 MODULE DOSE
A A CALULATED
A i MEASURED (TLD)
A
ORIG!NA!_‘ PAGE 5 0~ -Q- MEASURED (IC}
OF POOR Guiaimy
A
'
< 8k A
t i a .
2L w® ¥ @7
L % d
l|0 zlo 310 ‘°
DOSE WEIGHTED SHIELD

L7

“{g. 3. <Calculations using vector shielding of 3L1 module radiation {ose it !1 locations.
The TLD and ion chamber measurements are also shown.
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The TLD's in th. packages cu the Spacelab pallet were located inside the top of the
cylindrical package. On Spacelab 1 the end cover over the TID's was 1.0 g/cm?® ehick and
on Spacelab 2 it was 1.25 q/anz- Vector shielding distributions were not available at
these locations. The variocus camponents of the dose behind an infinite aluminum plane
with infinite back shielding are shown in Table 3 for the Spacelab 1 and 2. The
calculated Spacelab 1 dose behind 1.0 q/cmz is a factor of four higher than the measured
pallet TLD dose of 18.9 mrad/day. The calculatad Spacelab 2 dose behind 1.25 g/cm®

interpolated from the table as 49 mrad/day is also higher than the 31 mrad/day observed.

TABLE 3 Dose Rates at a point Beneath an Infinite Plane
of Aluminum with Infinitely Thick 3ack Shielding

Plane Electron . Proton Cosmic Ray Total
Thickness Dose Dose Dose NDose
(g/ cmz) (mrads/day) (mrads/day) (mrads/day) (mads/day)

Spacelab 1 (250 <an 37°)

0.5 530.0 7.4 5 540.0

1.0 58.0 3.1 5 79.0

1.5 7.1 T e 5 17.0

2.0 0.70 3.5 5 10.0

3.9 n.34 2.7 5 3.0

40.0 , 7.0074 1.026 5 5.0
Soacelab 2 (315 ‘a 19.3°)

0.5 300.0 1320 5 340.0

1.0 41,0 24.0 _ 5 70.0

1.5 1.4 19.0 5 ' 28.0

2.9 n.38 16.0 5 21.0

3.0 .16 13.9 5 18.0

30.9 ' 7.0025 0.36 4 1.0

The =hin slab Jose values are calculated “or infinite shielding “enhind the letectors. In
the actual jeometry some galactic osmic rays would penetrate the structure below to add 2
contribution to the dJdose. “."13 last table entry at 10 '.;/c:a2 is 2 rough =2stimate of this
contribution through the “infinite" back.

JRIGINAL PAGE !
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The ARD packages each contained a shielded and unshielded proportiocnal countsr. The
active region in each counter was 7 cm long and 2.5 cm in diameter and the shielding
consisted of a copper sleeve 1.27 mm thick. The highest counter rates from the PC's were
ohserved in the Scuth Atlantic Ancmaly and at high latitudes southeast of Africa where the
south "horn” of the cuter electron belt was encountarsd. Typical psak count rates wers
around 100 counts/sec in both regions. The estimated response of the proportional
counters to hremsstrahlung in the center of the the south horn and the SAA are showm in

Table 4. The bremsstrahlung photon spectrum b‘hlnd an infinite plane slab of the qgiven

thickness wvas computed using the electron spectra shown in Table 5.

The elactrons were assumed to ba isotropically incident on the 3lab. The éount rats -Jas

sbtained by equation

,

S = A 7 {2 (1 -~

e'u(E)x)d8

4nere 5(E) is =he Aifferential photon flux, 3(E) is ;he mags attenuation coefficient at
ohoton energy =, A is <he area of <he detector, and X was =he detector =hickness. 3is a
cough approximation, we =ook A as 2.3 x 7 cmz, the area as seen “rom the side of a
svlinder, and X as 2.5 cm. The calculated count rates (Table 4) in the "horn" are in Fair
agreement 7th the observed count rates. The calculated bremsstrahlung count rate from
alectrons in che 3AA is ~ 2 orders of magnitude lower =han observed, confirming that

protons contribute almost all PC counts in the SAA. Tigqure A5 shows <the bremsstrahlung

Pnoton speczzum as a function of »nlanar shielling leonth.
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TABLE 4 Egtimated Maximum :1.Proportional Countsr Rates dus to
Bremsstrahlung fram Trapped Belt Zlectrons in the SL1 Orbit

Shielding Horn South Atlantic Anamoly
Thickness Count Rate Count Rats
(g/==®) (Counts/s) (Counts/s)
2.0 200
S.0 60
10.0 20 0.5

TABLE 5 Electron Integral Spectra for Spacelab 1 fram AESMin at Epoche 1964

Zlectron Electron Horm South Atlantic Anamoly
tnergy Max. Integral Flux Max. Integral Flux
(MaV) (electron/cmi-s) (electron/cml-s)
0.0S ' 4.08 x 10° 1.37 x 10°
n.25 1.93 x 103 1.39 x 0%
.5 1,91 x 103 2.57 x 103
1.9 . 4.70 x 10% 4.58 x 10%
1.5 1.33 x 107 1.80 x 102
2.0 7.93 x 103 7.99 x 104
2.5 3.53 x 10° 3.36 x 10'
3.2 1.44 x 10° 1.59 x 109
3.7 1.27 x 102 9
o =
)
Tigqure 5. 3remsstrahling Photon : !
b |
Znergy Spactra 3eneath Jifferent : .

?lane Shielding Thicknesses,
Zalculated Using The Zlectron

Jorn “Maximum Tlux In TABLE S.

3
] ll‘lllr'l 1

LIEFLMLREIAL FLUX (FHUD UNSlané MeV 8)

-
-]

9
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!
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i
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CONCLUSIONS
The large number of passive dsatectors at different locations, the measursment of the
different environment constituents, and the temporal information from the active detectors
presented an extsnsive, although not completa, survey of the radiation environment within
Spacelab 1. Cosmic rays produced most of the doss at all locations in the Spacelab
module. Only at a few detsctor locations was the dose siqﬁiticantly above that expectad
fram the cosmic rays alone (Table 2, Pigqure S). This was dus to the largs shielding
depths (~14-56 q/cnz arithmetic average) of the Spacelab=Orbiter structure, and the low
altitude. Detectors that had low shielding depths (< 1.5 g/cm?) over significant solid
angles ragistared the largest dose in the module. For these detectors, the fraction of
=he mesasured dose attributable to trapped particles is about 1/2 the calculated values.
Shielding distributions for the least shielded detectors (Spacelab ' and 2 nallet
dietectors) vere a0t yet available. 2An infinite plane slab was used =0 calculate -doses,

Jnich vere i faccor of 1 and 2 t<imes -hose measured with the TLD's.

Zomparison of =he calculated :loses with the set of TLD and ion chamber measurements
(Tables 2 and 3, and Tigure 1) indicate :hat the <=rapped “luxes fram :the models may e =00
large. 3ecause =he calculations use an mnidiractional 2lux, and the Spacelab 1 and 2

attitudes and short mission -imes may not Zulfill this assumption, this tentative

conclusion needs Surther testing.

The steep <rapped electron and proton spectra cause small solid angles 1ibout -ietectors
subtended s ignt shielding (< 2 g/cmz) =0 dominate the =rapped particle dose

component. Thus a "lose veightaed shield," calculated with the available trapped
2nvironment mnodels was Jound convenient ro olace the measured doses in order with respect
=0 shielding. Tor a magsive spacecraft such as <=his, an accurate vector shield model is
necessary Dbefore accurace .loses can be predicted (e.g., “or the space station cluster).
For gravity jradient stabilized spacecraft the di:ectional':ha;actetis:ics of the ambient

21
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radiation may need to bs considered. These considerations become more important at

altitudes above 350-400 km where the trapped component becamas dominant,

The active detsctors, although very simplo-. allowed separation of dose contributions from
cosmic rays., trapped protons, and bremsstrahlung fram electrons. Thesa nmsasurements
indicated that 85-90% of the radiation dose in the Spacelab 1 module was caused by cosmic
rays; that almost all module dose in the SAA is from protons; and that high energy X-rays
caused by trapped electrons in the "south horn region” are intense but cause little of the
dose. Unexpectedly frequent occurrences of bren;;rahlunq photon "bursts,” apparently from *
alectrons “precipitating” from the trapped balt were observed. The ion chamber mission

dose (128 mrad) and the TLD dose (109 mrad) are consistent if the TLD results are

corrected for relative insensitivity to hesavy ions.

The 4ZE parcicle ‘lux measurements with the CR-39 track detectors indicates a large
aquivalent dose from these particles, as axpectad from the large cosmic ray
concribution. The low LET dose was A factor »f 2 and the dose ecuivalent a factor ~f 3.5

hat observed at 28.3°® and similar altitudes.

~he observed coral feutron Sfluence (~1.2x10° cm™2) in the module and ~2.3x10° en~2 on rhe
sallat) were about 2.3 to 3 times the charged particle fluence measured ~ith auclear track
amulsions. This is compatible with measurements in Skylab /20/, which had 4 similar

spacecraft mass and inclination, but higher altitude.

The letectors used here give no information about some aspects of the aenviromment such 4s
she anerqy spectra of individual charged particle species, or 2.g., temporal wvariations of
aeutrons. However, :his 2nsemble of passive and active detectors has given good survev of
che radiation constituents in a complex spacecraft and indicates the a§vancaqes and
éfticigncy of coordinated measurements with passive and active Adetectors. These
measurements and calculations indicate the complexity of accurately predicting all
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relevant radiation phenamena for future Spacelab users, as well as Space Station

experimenters and crews.

ACXBOWLEDGEMENTS :
This work was partially supported by VASA on contracts NAS8=34354 and the authors
_ acknowledge the 2ngineering, technical and spacecraft integration work of R.W. Austin,
P.A. Berry, W.J. Selig, W.H. Hammon, S.B. Dothard, C. Heller, W. Van Dyke and C. Masser.
Alva Hardy and William Atwell of JSC supplied =he SL1 shielding distribusions. e thank

Y. Takahashi and colleagues at the ICRR for samples of fuaji track emulsion.

ORIGINAL PAGE S5
OF PCOR QUALITY



1.

2.

3.

4.

S.

10.

11.

12,

14,

15.

CRIGIHAL paGe o

OF POGR QUALTTY

Wwatts, J. We, Jr., and J. J. Wright, "Charged Particle Radiation Environment for the
Spacelab and Other Missions in Low Earth Orbit - Revision A" -~ NASA T™X-73358.

"Spacelab Mission 1 Zxperiment Descriptions,” oV=-39, Paul Craven editor, NASA ™
78173 (1978)

"ENVOl Msasurement Description,” unpublished, available from Thomas A. Parnell (1978)

3enton, E. V., A. L. Frank, T. A. Parnell, J. W. Watts, Jr., and J. C. Gregory, AIAA
Conference Procsedings 859, Paper 35-7045-CP (198S).

Senton, S. V., R. M. Cassore, A. L. frank, R. P. Henke, and D. D. Peterson., "Space
Radiacion Dosimetry on board COSMOS-936: US Portion of Experiment X-206,"
University of San FTrancisco Report TR-48 (1981).

3enton, Ze. V., R. P. Henke, A. L. Frank, C. S. Johnson, R. M. Cassore, M .T. Tran,
and Z. Stter, "Space Radiation Dosimerzy Aboard COSMOS 1129: Ixperiment X-309,”
Jaiversity of 3an francisco Report TR=-33 (1981).

Jigital Data Dosimetry, Tulsa, OK, Model 1/E-l1

eucter Stokes, Cleveland, OH, Model 385-P3-0803-287

3enton, Z. V., and A. L. Trank, Data »n Calibration »f TLD's to heavy ilons

Tmhof, We. Le, J. 3. 3magan, 3. 1. Nakano, and Z. Z. Gaines, J. Geopnys. Res, 34, /371
(1979)

Imnof, W. L., 2t al., Journal of Gaophysical Research, 31.a3, 3077 (1986).

3enton, Z. V., and R. 2. Henke, Space Research (1983).

Sawver, Jonald 4., and James 7. Vette, “AP-3 Trapped Proton Invironment for Solar
“axinum and Solar “inimum®, NSSDC 74-903, April 1974.

jardy, Alva and William Acwell, JSC, private communications.

Cain, Josepn 2., and 3hirley J. Cain., “Derivation »f rthe International Geomagnetic
Reference Tiald" (IGRF 10/68), NASA Technical Vote 7 ND=-5237, 3August 1971.
Stassinopoulos, E. 3., and D. Gilbert Mead, "ALLMAG, GDALMG, LINTRA: Computer

Programs for Seomagnetic Field and field-Line Calculations”, NSSDC 72-12, February

1972.
24




16.

17.

18.

19.

20.

Teagua, Michael J., and James I. Vette, "A Model of the Trapped Electron Population

for Solar Minimum”®, NSSDC 74-93, april 1974.

Surrell, M. O., and J. J. Wright, "The =Zstimation of Galactic Cosmic Ray Penetration

and Doss Rates”,

NASA Technical Note TX D=-6600, March 1972.

waees, Je 4., Jr., and 4, O. Burrell: "Elactron and 3rsmsstrahlung Penetration and

Oose Calculation”,

Burrell, M.

53063, August 25,

FTishman, G.

J.., amd C.

NASA TND-5385, June 1971.

Q., "The Calcuation of Proton Penetration and Dose Ratas”,

J.., Advances in Aeronautics and Agtronautics 48,

A. Meagan,

1964.

NASA T™M-78263 (1980).

GRIGIHMAL PAGE °S
OF POCR QUALITY

397 (1976);

NASA TM=X-

fishman, Ge.

\



